Abstract. The ratio of the receiving power to the transmitting power (RPR) of a well-designed radar system is determined by the absorption and scattering of materials coming into contact with radar waves along the propagating path of the radar wave. In atmospheric detection by a radar system, the RPR is mainly determined by the absorption and scattering of atmospheric particles.
Introduction
The detection of atmospheric particles is necessary for such applications such as weather forecasting (Tao et al., 2010; Collis, 2010; Barrett and Bendov, 1967) . The type of atmospheric particles usually determines the type of weather; e.g., most atmospheric particles are sand/dust particles in the case of windy/sandy weather and water drops in foggy weather (Gaussiat et al., 2003; Middleton, 2017) . Owing to their noninvasive measurements, many advanced technologies based on the scattering of electromagnetic (EM) waves are used to determine 20 properties of atmospheric particles, such as the particle number density (Zhao et al., 2015; Wilson and Brandes, 1979; Mona et al., 2012) , with 2 radar technology being mature. Systems that employ microwave radar and lidar are commonly used in many areas of meteorology and atmospheric physics (Ahmed, 2008; Aoki et al., 2016; Muller and Quenzel, 1985) .
Atmospheric particles are commonly charged; e.g., sand/dust particles can be electrified when transported by wind, which is the so-called wind-sand electrification phenomenon (Zheng et al., 2003; Zheng et al., 2004) . Zheng et al. observed wind-sand electrification in a wind tunnel and found that the charge-to-mass ratio of the mixed sand particle can reach −1120.7 μC/kg at a height of 0.5 m and wind speed of 10 5 m/s, on the basis of which we calculate a surface charge density reaching −4.56  10 −5 C/m 2 for sand particles having a radius of 50 m and mass density of 2440 kg/m 3 (Musa et al., 2014) . According to Pruppacher and Klett (2003) , the amount of elementary charge that can be placed on a droplet ranges from 1 to 10 8 , depending on the size of the droplet; i.e., more charge can be placed on a larger droplet. A droplet with a radius of 50 μm can carry charge of 1.6 × 10 −5 μC, and the corresponding surface charge density = −0.5 × 10 −3 C/m 2 . Bohren et al. theoretically studied the scattering of EM waves by a charged particle and found that the scattering coefficients of particles carrying 10 charges and neutral particles greatly differ (Bohren and Hunt, 2011 ). Klačka's research group later conducted a series of studies to investigate the scattering/absorption of dust particles, water droplets, and ice grains, finding that charges carried by the particles affect the optical properties of the particles and the scattering/absorption of EM waves when the particle size parameter (2 / , in which r is the particle radius and λ is the EM wavelength) is less than 0.01 (Klačka and Kocifaj, 2007; Klačka. and Kocifaj, 2010; Klačka et al., 2015) . The main functions of a radar system are to inversely deduce particle properties, such as the particle size distribution and particle number density using the receiving 15 power for a known transmitting power or the ratio of receiving power to transmitting power (RPR) based on the extinction signal, especially the signal backscattered by particles. Qin and Xie also found that charges carried by a particle affect the backscattering strength in a study on the scattering phase function of a charged particle (Qin and Xie, 2015) . In addition, Kocifaj et al. found that an increasing amount of charge on cloud droplets strengthens the backscattering of a radar wave and proposed a remote-sensing method that gives a good warning of a lightning threat (Kocifaj et al., 2015) . We therefore infer the charges carried by the particles affect the detection results of the radar system. 20 3 Motivated by the above, we derive the RPR of radar systems, including a lidar system detecting a particle system in which the particles carry charges on their surfaces in section 2 of the present paper. Section 3 discusses the effect of charges carried by the particles on the RPR for different particle size distributions, the surface charge density, the refractive index of the particles, and the radar emission frequency.
Conclusions are drawn from the results of the study in section 4.
RPR of a charged-particle system 5
A radar detection system transmits an EM wave that propagates through an atmosphere particle system, and the return signal of the EM wave is received usually, but not always, by the same radar system (Mona et al., 2012; Ahmed, 2008) , a schematic of which is shown in Fig. 1 .
Denoting the receiving power as (W), the transmitting power as (W), the detection range as R, and the beamwidths as Δ and Δ , the receiving power of a designed radar system can be calculated using the conventional radar equation (Fukao et al., 2014 
where G is the antenna gain and and are respectively the wavelength and duration of the emitted EM wave. and  are the backscattering cross-section per unit volume and the attenuation cross-section per unit volume of the atmospheric particles in contact with the EM wave along its propagating path. A lidar system uses a laser EM spectrum. The receiving power is calculated as (Collis, 1970)   2 0 exp 2
where A is the area of the receiver aperture. From Eqns. (1) and (2), for a well-designed radar or lidar system, RPR = P r /P t is determined according to 15 the absorption and scattering of the EM wave by the particles (Chiou and Kiang, 2017) . The extinction coefficient and backscattering coefficient were derived by Klačka and Kocifai for an EM wave illuminating a single surface-charged particle, illustrated in Fig. 1 (b) (Klačka and Kocifaj, 2007) :
where x is the particle size parameter, which can be calculated from the particle radius r and the EM wavelength. Re() denotes the real part of a 20 4 complex number. a n and b n are the Mie scattering coefficients of the scattering field of EM waves for a surface-charged particle without considering the magnetism of the particle material, and are analytically expressed as (Klačka and Kocifaj, 2007; Zhou and Xie, 2011; Bohren and Hunt, 2011) 1 0 −6 is the permeability of a vacuum. is the surface conductivity analogous to the (bulk) conductivity and it may be complex and depend on the frequency. Bohren and Hunt (Bohren and Hunt, 2011) and Klačka et al. (Klačka and Kocifaj, 2007; Klačka. and Kocifaj, 2010) studied , usually expressed as = + . Here σ is the surface charge density, q m = 1.7587  10 12 C/kg is the charge-mass ratio of an element charge, which is taken as the electron in this paper, and γ s is equal to /ℏ, with T being the temperature of the particle and = 1.38 × 10 −23 J/K and ℏ = 1.0546 × 10 −34 Js respectively being Boltzmann's constant and Planck's constant (Klačka and Kocifaj, 2007) . 
where r min and r max are respectively the minimum and maximum particle radii. n(r) is the number density distribution of the atmospheric particles, which can be substituted into (1) and (2) to calculate the RPR and investigate the effect of the charges carried by particles on the RPR when the surface charge density or the surface conductivity is known. 15
Results and discussions
There are many important particles in the atmosphere that affect the weather or pollute the air, such as haze particles, sand and dust particles, cloud particles, and raindrops. There is thus an interest in detecting these particles. The particles are not equal in size; e.g.,, haze particles are not larger than
10
−6 m in diameter, cloud particles are not larger than 10 −5 m in diameter, sand/dust particles are not larger than 10 −4 m in diameter, and raindrops particles are not larger than 10 −2 m in diameter (Hess et al., 1998; Wolfson, 1979; Ahmed, 2008; Aoki et al., 2016) . However, all these particles obey 20 a log-normal distribution in size, as shown in Fig. 2 . The mathematical expression is 
where N is the total number of particles per unit volume and ̅ and σ r are respectively the mean value and standard deviation of the particle radius.
Particles in different size regions are usually detected by different radar systems, and the frequencies of the EM waves emitted by the radar systems are usually different; e.g., S-band radar (f = 2-4 GHz) is used to detect raindrops especially for strong rainfall (Yuter and Jr, 2010), X-band radar (f = 8-12 GHz) is used to detect dust/sand particles (Wang, 2010) , and W-band radar (f = 80-100 GHz) is used to detect cloud particles (Sassen and 5 Liao, 1996) , while lidar (f = 5.6 × 10 5 GHz) is used to detect smaller particles, such as haze and smoke particles (Collis and Uthe, 1972) .
We next investigate the effect of charges carried by particles on the RPR. The ratio of RPR(c) considering the charges carried by the particles to RPR(0) without considering charges is shown for different particle systems in Fig. 3 , where four surface charge densities = 0C/ 2 , = −2 × 10 −4 C/ 2 , = −6 × 10 −4 C/ 2 and = −10 −3 C/ 2 are considered within the charge range mentioned above. Figure 3 shows that the charges carried by the particles result in RPR(c) being greater than RPR(0), and RPR(c) increases more as the surface charge density 10 increases for a given particle radius. The increment of RPR(c) is not linearly dependent on the particle radius in the results for the detection of haze particles by lidar, detection of cloud particles by W-band radar, detection of sand/dust particles by X-band radar, and detection of raindrops by S-band radar, as shown in Figs. 3(a)-3(d) . The increment of the RPR due to surface charges carried by the particles is therefore related to both the particle size and radar wavelength, which agrees with backscattering results reported in the literature (Klačka and Kocifaj, 2007; Kocifaj et al., 2015) .
In the calculation, the frequencies of the lidar wave, W-band wave, X-band wave, and S-band wave are respectively taken as 5.6  10 5 , 1.1  10 2 , 8, 15
and 4 GHz.
The RPR(c)/RPR(0) ratios of sand/dust particles and cloud particles detected by S-band radar, X-band radar, W-band radar, and lidar are shown in Figs. 4 (a)-4(b) , where the surface charge density is = −10 −3 C/ 2 . Figure 4 shows that the increment of RPR due to the charges carried by the same particles depends on the emission frequency of the radar system. RPR(c)/RPR(0) of the same particle with the same surface charge density increases as the radar emission frequency decreases as shown in Fig. 4(a) . Meanwhile, Fig. 4(b) shows that RPR(c)/RPR(0) for the W-band radar is 20 higher than that for the S-band radar and X-band radar, although the emission frequency of the former radar is higher than that of the latter. Because 6 the relative refractive index of the particle material depends on the emission frequency of the EM wave (Jiang and Wu, 2010; Dou and Xie, 2017) , the increment of RPR due to charges carried by the particles is also related to the relative refractive index. Figures 3 and 4 show that the charges carried by particles will increase the receiving power if the radar is well designed when the particle number density n(r) or particle number per unit N are given. In fact, n(r) or N might not be known and usually need to be reversely derived according to the receiving power. However, the effect of the charges is not considered in the current radar design. The power received by the radar is 5 therefore attributed to the power of scattering by the particles including the contribution of charges to the received power, which could result in the overestimation of particle properties, such as N. We denote the particle number density determined by radar considering charges carried by the particles as N(c), and that without considering charges as N(0). The N(c)/N(0) ratio is plotted in Fig. 5 is to show the effect of the charge carried by the particles. Figure 5 shows that N(c)/N(0) for a given radar decreases as the surface charge density increases, which means that the particle number density will be overestimated when the effect of the charges carried by particles is not considered in the reverse calculation. The overestimation is 10
The overestimation is about 2.05% when = −5 × 10 −4 C/m 2 , while it is about 5.43% when = −10 −3 C/m 2 for S-band radar. N(c)/N(0) for a different radar is different for the same surface charge density as shown in Fig. 5 , which means the overestimation also depends on the emission frequency of the radar. The overestimations of the particle number density for four surface charge densities determined by S-band radar, X-band radar, W-band radar, and lidar are given in Table 1 . The table shows that the overestimation of the particle number density of sand particles detected by lidar is low, even though the charge surface density is taken as = −10 −3 C/m 2 . We 15 therefore suggest that it is better to detect sand particles by lidar to avoid the effect of charges carried by sand particles.
On the basis of the RPR, many other properties of the atmospheric particles need to be reversely calculated, not only the particle number density, with these properties also affected by charges carried by the particles, and further study is thus expected.
Conclusions
The effect of charges carried by atmospheric particles on the RPR was investigated. It was found that charges carried by particles result in the 20 RPR being greater than the RPR without consideration of the contribution of the charges to the receiving power, and the RPR increases with the 7 surface charge density for a given particle radius. The increment of RPR due to the surface charges carried by particles is also related to both the particle size and radar emission frequency.
According to the RPR when considering charges carried by particles, the estimation of the particle number density for sand/dust weather using radar systems of different bands was discussed, and it was found that the particle number density can be overestimated when not considering the contribution of the charges carried by the particles to the receiving power. The overestimation depends on the surface charge density and frequency 5 of the radar. Calculation results of the overestimation for the sand particle number density indicate that the effect of charges carried by particles can be ignored when particle properties are determined by lidar.
At present, the contribution of charges to the received power is not considered in radar detection, resulting in the overestimation of particle properties. Further study is required to consider the effect of charges carried by particles to reasonably select radar bands and to design radar systems, allowing more accurate measurement of the atmosphere. Zhou, J., and Xie, L.: Effect of net surface charge on particle sizing and material recognition by using phase Doppler anemometry, Applied Optics, 50, 379-386, 2011. 10 Fig. 1 (a) Schematic of the radar detection of an atmospheric particle system; (b) surface-charged atmospheric particle. 
